INTRODUCTION
O culodentodigital syndrome (ODD; MIM no. 164200) is a distressing congenital disorder that affects the development of the face, eyes, limbs, and dentition. The ODD phenotype encompasses a wide range of features, including a long, thin nose, hypoplastic alae, short palpebral fissures, microcornea, and type III syndactyly. Dental abnormalities are a common finding, affected individuals presenting with a range of anomalies such as microdontia, hypodontia, enamel hypoplasia, multiple caries, and early tooth loss; these abnormalities have been reported in both the deciduous and permanent dentitions (Sugar et al., 1966; Patton and Laurence, 1985) . To date, several studies have shown that mutations in GJA1 underlie ODD (Paznekas et al., 2003; Kjaer et al., 2004; Pizzuti et al., 2004; Richardson et al., 2004; Debeer et al., 2005; van Steensel et al., 2005; Vasconcellos et al., 2005; Vitiello et al., 2005; Kelly et al., 2006; Richardson et al., 2006; van Es et al., 2007; de la Parra and Zenteno, 2007; Vreeburg et al., 2007) .
GJA1 encodes the gap junction protein connexin 43, which is part of a family composed of over 20 different members in humans. It is welldocumented that gap junction communication plays a vital role during embryogenesis and, subsequently, in normal cellular homeostasis (Richard, 2003) . Connexin 43 has previously been shown to be vital for normal murine heart development, as demonstrated by Gja1 knockout mice, which die at birth as the result of a severe heart malformation (Reaume et al., 1995) . To form a functioning gap junction channel, 6 connexin subunits form a hemichannel, or connexon, in the plasma membrane of a cell. Two connexons from adjacent cells dock to form an entire channel, which allows for the passage of molecules up to 1.2 kDa between the cytoplasm of the 2 cells (Bennett et al., 1991) . In light of existing studies, we hypothesized that mutations in GJA1 would underlie the phenotype(s) observed in an additional cohort of ODD families, and that there would be strong correlation between the sites of connexin 43 expression and the tissues affected in this condition.
MaTeRIals & MeThODs

Families
All ten families were referred by clinical geneticists or ophthalmologists after a diagnosis of ODD had been made. Samples were collected with informed consent under appropriate ethical approval.
Mutation analysis
The coding region of GJA1 was amplified with primers described previously (Richardson et al., 2004 (Richardson et al., , 2006 . After PCR amplification, the products were excised from a 1% agarose gel and sequenced directly by dye primer chemistry.
Immunofluorescence analysis
Mice were housed and killed in accordance with the UK Animals (Scientific aBsTRaCT Oculodentodigital syndrome (ODD) is a rare, usually autosomal-dominant disorder that is characterized by developmental abnormalities of the face, eyes, teeth, and limbs. The most common clinical findings include a long, narrow nose, short palpebral fissures, type III syndactyly, and dental abnormalities including generalized microdontia and enamel hypoplasia. Recently, it has been shown that mutations in the gene GJA1, which encodes the gap junction protein connexin 43, underlie oculodentodigital syndrome. Gap junction communication between adjacent cells is known to be vital during embryogenesis and subsequently for normal tissue homeostasis. Here, we report 8 missense mutations in the coding region of GJA1, 6 of which have not been described previously, in ten unrelated families diagnosed with ODD. In addition, immunofluorescence analyses of a developmental series of mouse embryos and adult tissue demonstrates a strong correlation between the sites of connexin 43 expression and the clinical phenotype displayed by individuals affected by ODD.
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Procedures) Act, 1986. At specific ages, embryos were dissected from time-mated, wild-type females, fixed in Bouin's fixative overnight, dehydrated through a graded series of ethanol washes, cleared in chloroform, embedded in wax, and sectioned at 6 mm. P0 pups and dissected adult lower jaws were fixed overnight in 4% paraformaldehyde, decalcified for 2 wks in 0.5 M EDTA, dehydrated, cleared, embedded, and sectioned as for embryos. For connexin 43 immunodetection, slides were rehydrated and treated with 10 mM citrate buffer at 96°C for 10 min, incubated with an anti-connexin 43 primary antibody (71-0700, Zymed Laboratories Inc., San Francisco, CA, USA) at a 1:100 dilution, detected with Streptavidin-Cy3 (Sigma, St. Louis, MO, USA), and counterstained with DAPI (Sigma). Negative controls in which the primary antibody was omitted were established for every experiment. Fluorescent staining was visualized by means of a Leica DMRB microscope and fluorescence pack.
ResUlTs
Mutation analysis
Mutation analysis of the entire coding region of GJA1 revealed heterozygous missense mutations in all those individuals diagnosed with ODD who were analyzed in the current study ( Fig. 1 ; Table) . The same changes were not detected in unaffected family members or in 100 normal chromosomes. The mutations were distributed throughout the connexin 43 protein; 1 mutation (nt7 G>A, resulting in D3N) was detected in the amino terminus, 1 mutation (nt253 G>A, resulting in V85M) was found in the second transmembrane domain, 4 mutations (nt412 G>A, resulting in G138S; nt413 G>A, resulting in G138D; nt428 G>A, resulting in G143D; nt443 G>A, resulting in R148Q) were detected in the cytoplasmic loop of connexin 43, and the final 2 mutations (nt602 G>A, resulting in S201Y; nt605 G>A, resulting in R202H) were detected in the second extracellular domain of connexin 43 ( Fig. 1 ; Table) .
expression analysis
Immunofluorescence analysis of a series of wild-type mouse embryos and P0 and adult tissue revealed strong connexin 43 expression during development of the teeth, eyes, face, and limbs. At E10.5, connexin 43 expression was observed in the localized epithelial thickenings that presage the sites of tooth Figure 1 . Mutation analysis in ODD. Partial sequence chromatograms demonstrating the 8 different missense mutations in GJA1 detected in the current study. In each case, a partial sequence chromatogram showing the wild-type sequence is displayed alongside. The chromatogram shown for ODD families 11, 15, and 16 is the non-coding strand of GJA1; all other chromatograms depict the coding strand. International and American Associations for Dental Research development in the maxilla and mandible, and also toward the midline of the fusing mandibular processes ( Figs. 2A, 2B) ; however, by E11.5, connexin 43 expression had shifted to the odontogenic mesenchyme ( Fig. 2C ). At E12.5, connexin 43 expression persisted in the condensing mesenchyme underlying the invaginating odontogenic epithelium (Fig. 2D ). By E13.5, connexin 43 expression was confined to the enamel organ of the bud-stage tooth germs ( Fig. 2E ). By E15.5, as the tooth germs entered the cap stage of development, connexin 43 expression became restricted to the lateral aspect of the enamel organ of the molar tooth germs, particularly strong expression being detected in the epithelium immediately adjacent to the dental papilla; in contrast, connexin 43 was not expressed in the medial portion of the enamel organ or in the dental papilla ( Fig. 2F ). In the developing molar tooth germs of P0 mice, differentiated ameloblasts had entered the secretory phase of enamel formation; at this stage of development, strong connexin 43 expression was observed in the ameloblasts, the stratum intermedium, and the stellate reticulum (Figs. 2G, 2H). In the incisors of adult mice, the ameloblasts undergo a constant process of secretion and maturation to produce enamel. In the secretory zone, strong punctate expression of connexin 43 was observed throughout the ameloblasts, with expression also detected in the stratum intermedium ( Fig. 2I ).
In the maturation zone of the adult incisor teeth, connexin 43 expression was restricted to the distal junctional complex of the ameloblasts, while the adjacent stratum intermedium displayed high levels of expression ( Fig. 2J ).
Strong connexin 43 expression was also detected at other sites affected by the ODD phenotype. At E9.5, expression was observed throughout the internal surface of the developing optic vesicles; at this stage of development, this layer is continuous with the neuroepithelium of the developing brain, which also exhibited strong connexin 43 expression ( Fig. 3A) . At E10.5, connexin 43 expression persisted in the epithelium of the optic cup and was also detected in the epithelium of the invaginating lens vesicle (Fig. 3B ). At E13.5, strong connexin 43 expression was detected in the outer surface of the optic cup, which ultimately forms the pigmented layer of the retina, and in the developing optic nerve (Fig. 3C ). By E15.5, connexin 43 expression was localized to the anterior portion of the developing retina, which ultimately forms the ciliary process, and persisted in the optic nerve (Fig. 3D) . In P0 mice, strong connexin 43 expression was observed in the ciliary process of the eye (Fig. 3E) , and in an arc around the optic nerve (Fig.  3F ). In the developing limbs at E9.5, connexin 43 expression was detected throughout the epithelium and mesenchyme of the apical region of the limb bud (Fig. 3E) ; however, by E12.5, connexin 43 expression became restricted to the apical ectodermal ridge (Fig. 3F ). At E14.5, when the paired secondary palatal shelves are fusing above the tongue, connexin 43 expression was observed in the midline epithelial seam and in distinct regions of the nasal epithelium (Fig. 3G ). Strong connexin 43 expression was also observed in the follicles of the developing vibrissae (Fig. 3H) .
DIsCUssION
In the current study, we present ten previously unreported ODD families exhibiting 8 different missense mutations in connexin 43, 6 of which (D3N, V85M, G138S, G138D, G143D, S201Y) have not been described previously. Connexin (e) At E13.5, connexin 43 expression was detected in the lateral aspect of the bud-stage molar tooth germs (arrowed). (F) By E15.5, connexin 43 expression was observed in the lateral epithelium (arrowed) and in the enamel organ (arrowhead). (G,h) At P0, strong connexin 43 expression was apparent in the secretory ameloblasts (arrowed) and also in the stratum intermedium (arrowhead); weaker expression of connexion 43 was also detected in the stellate reticulum (sr). The boxed region in G is shown at a higher magnification in H. (I) In adult incisors, the secretory ameloblasts demonstrated strong, punctate expression of connexin 43 (arrowed); weaker expression was also detected in the stratum intermedium (arrowhead). (J) In the maturation zone of adult incisors, connexin 43 expression is restricted to the distal junctional complex of the ameloblasts (arrowhead), with strong expression observed in the stratum intermedium (arrowed). Scale bars in A-G = 100 mm; scale bars in H-J = 50 mm. 43-which consists of 4 transmembrane spanning domains, 2 extracellular domains, a single cytoplasmic loop, and carboxy and amino termini located within the cytoplasm-is typical of the connexin family (Martin and Evans, 2004) . The short, intracellular amino terminus, where only 4 mutations in connexin 43 (G2V, D3N, Y17S, S18P) have been reported to date, is very highly conserved between connexins and is thought to be important for membrane insertion and/ or trafficking; indeed, mutations in the amino terminus of connexin 32, which underlie X-linked Charcot-Marie-Tooth disease, have been shown to cause intracellular accumulation of the mutant protein, suggesting that this region is vital for the correct transport of the connexin into the plasma membrane (Martin et al., 2000) . Seven mutations (G21R, G22E, K23T, S27P, I31M, R33X, A40V) have been reported in the first transmembrane domain of connexin 43, 2 (V85M, L90V) in the second transmembrane domain, and 1 (V216L) in the fourth transmembrane domain; the 4 transmembrane domains are predominantly a-helical and between them are thought to be responsible for anchoring the connexon in the plasma membrane and determining the properties of the channel (Rabionet et al., 2002; Skerrett et al., 2002; Richard, 2003) . Six mutations (Q49K, F52dup, P59H, S69Y, R76S, R76H) have been reported in the first extracellular loop of connexin 43 and 3 (H194P, S201Y, R202H) in the second; the extracellular domains are thought to be crucial for the correct docking of 2 adjacent connexons, and it is therefore possible that the substitution of an amino acid in either of the extracellular domains may prevent connexon interaction (Foote et al., 1998; Evans and Martin, 2002; Martin and Evans, 2004) . The cytoplasmic loop runs from amino acid residues 97 to 167, and the 13 mutations (Y98C, K102N, L113P, I130T, K134E, K134N, G138R, G138D, G138S, G143D, G143S, R148Q, A154T) described in this region of the protein are spread throughout the domain; it has been suggested that the cytoplasmic loop is involved in the chemical gating through phosphorylation of the gap junction, and its variability is thought to determine the various functions of each connexin (Anumonwo et al., 2001; Richard, 2003) . Overall, the mutations described in this manuscript are entirely consistent with those described previously, in that they are missense changes that are spread throughout the functional domains of the amino-terminal two-thirds of connexin 43.
The expression pattern of Gja1, previously delineated by whole-mount in situ hybridization (Ruangvoravat and Lo, 1992; Richardson et al., 2004; Pemberton et al., 2007) , is supported by the protein expression pattern of connexin 43 presented here. Connexin 43 expression was detected throughout murine tooth development. At E10.5, distinct regions of connexin 43 expression were seen in the ventral epithelium of the maxillary processes and the dorsal epithelium of the mandibular processes, which correspond to the earliest stages of tooth development (Jernvall and Thesleff, 2000; Miletich and Sharpe, 2003) . During E11 and E12, connexin 43 expression shifted to the odontogenic mesenchyme, corresponding to the signaling potential that drives development of the tooth germs at this stage of embryogenesis (Jernvall and Thesleff, 2000; Miletich and Sharpe, 2003) . At E13.5, connexin 43 expression reverted to the enamel organ, which ultimately forms the enamel. In P0 molar tooth germs, the secretory ameloblasts and the stratum intermedium stained strongly for connexin 43. At this stage of development, the ameloblasts actively secrete matrix proteins, which contribute to enamel formation. In adult incisors, secretory ameloblasts also exhibited strong connexin 43 expression, with lower levels being detected in the stratum intermedium. In contrast, although strong connexin 43 expression was observed throughout the stratum intermedium underlying the maturation-stage ameloblasts, staining in the ameloblasts themselves was restricted to the distal junctional complex. Although the precise function of the stratum intermedium is not known, it is believed to be essential for normal enamel formation, and both this layer and the ameloblasts are known to exhibit a high degree of organization and cell communication (Kagayama et al., 1995) . In this context, mice heterozygous for either a G60S or G138R mutation in connexin 43 exhibit small, fragile incisors that are covered with hypoplastic enamel that is prone to faster abrasion (Flenniken et al., 2005; Dobrowolski et al., 2008) .
Strong connexin 43 expression was also detected during the development of the eyes. At E9.5, expression was observed in the optic cup and in the neuroepithelium of the brain, both of which are continuous at this stage. Interestingly, loss of connexin 43 during brain development in the mouse has been shown to result in abnormalities very similar to those exhibited by a subset of persons with ODD (Wiencken-Barger et al., 2007) . Connexin 43 expression persisted in the outer epithelium of the optic cup, which will form the pigmented layer of the retina, and was also detected in the invaginating lens vesicle at E10.5. Expression was also seen in the developing optic nerve and, later in development, in the ciliary body, suggesting an important role for connexin 43 throughout development of the eye; indeed, it has recently been suggested that loss of connexin 43 expression in the ciliary body results in abnormal aqueous humor production (Calera et al., 2006) . Analysis of the developing limbs demonstrated diffuse connexin 43 expression throughout the epithelium and mesenchyme in the apical region of the forelimb bud at E9, but by E12, this pattern is narrowed to the apical tip of the limb bud corresponding to the apical ectodermal ridge, which plays a central role in the signaling events driving limb development. Connexin 43 and gap junction communication have been shown to be vital for the correct development of the limbs, indicating the importance of this protein during embryogenesis (Makarenkova and Patel, 1999) . Strong connexin 43 expression was also detected in the fusing secondary palate and hair follicles, development of which is also affected in ODD (Sugar et al., 1966; Patton and Laurence, 1985) .
The strong correlation between the sites of Gja1 expression during mouse embryonic development and the ODD phenotype provides further support for mutations in GJA1 underlying ODD. Taken together, these results indicate that connexin 43 plays a key role in normal facial and limb development, and that mutation of GJA1 results in craniofacial anomalies and limb abnormalities. These results also confirm a role for connexin 43 throughout the development of the dentition, from the initiation of the tooth germs to the maintenance of adult teeth.
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